IMPORTANCE Controversy exists around the American Joint Committee on Cancer (AJCC) TNM staging system for medullary thyroid cancer (MTC). Because of the rarity of the disease and limited available data, the staging system for MTC has been largely extrapolated from staging for differentiated thyroid cancer.
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Author Audio Interview Supplemental content CME Quiz at jamanetwork.com/learning and CME Questions page 900 M edullary thyroid cancer (MTC) is a neuroendocrine tumor of the parafollicular cells of the thyroid gland. 1 Most MTC cases (75%) are sporadic; the remaining cases present as part of genetically inherited syndromes, such as multiple endocrine neoplasia types 2A and 2B and familial MTC. 2 Medullary thyroid cancer is rare, accounting for only 2%
to 4% of all new thyroid cancer cases. 3, 4 Medullary thyroid cancer is a clinically heterogeneous entity with marked differences in presentation, ranging from an indolent disease with survival approaching 100% to a very aggressive tumor with a mortal prognosis. 5 Thus, accurate tumor staging is critical for the purposes of accurate risk stratification and treatment selection. Considerable controversy exists regarding the current staging system for MTC. 6, 7 Because of the rarity of the disease and an overall paucity of data, the American Joint Committee on Cancer (AJCC) TNM staging system for MTC has largely been extrapolated from staging for differentiated thyroid cancer (DTC). [8] [9] [10] [11] [12] [13] [14] However, MTC inherently differs from DTC in clinical presentation, treatment recommendations, and prognosis. 1, 2, 4 Therefore, a TNM staging system that is based on cases of DTC may not be generalizable to patients with MTC.
We hypothesized that the current (seventh and eighth editions) AJCC TNM staging system for MTC might be improved by data from a large national cohort of patients.
12, 15 Our aim was to use a statistically sophisticated methodology to identify granular survival differences among patients with MTC to define more accurate staging groups.
Methods
The National Cancer Database (NCDB) was used as the main source of data for analysis because of its large sample size. Specifically, we selected patients 18 years or older diagnosed with MTC in the United States between 1998 and 2012. Because data on disease-specific survival were not available in the NCDB, the Surveillance, Epidemiology, and End Results (SEER) Program data set on a similar population of patients diagnosed between 2004 and 2012 was used to validate the NCDB data set. Data analysis was conducted between July 17, 2016, and November 11, 2016 . This study was granted exempt status by the Duke University Medical Center Institutional Review Board because patients were deidentified.
NCDB Cohort
The NCDB is a joint program of the American Cancer Society and the American College of Surgeons. It contains data from more than 1500 accredited cancer programs, capturing more than 85% of all new thyroid cancer cases in the United States. 16 Patients diagnosed with MTC were identified using International Classification of Diseases for Oncology, third edition 17 codes 8345/3 and 8510/3. Variables such as age at diagnosis, race/ethnicity, sex, annual income, insurance status, and year of diagnosis were obtained from the NCDB. Pathologic tumor stages were provided as T, N, and M categories. Data on extent of surgery documented as lobectomy or total thyroidectomy were extracted from the NCDB. 18 Overall survival and follow-up data were provided in the NCDB.
SEER Cohort
Similar to the NCDB cohort, the SEER cohort comprised patients with MTC who were identified using International Classification of Diseases for Oncology, third edition, codes 8345/3 and 8510/3. Variables included age at diagnosis, sex, race/ ethnicity, and year of diagnosis. Treatment data included extent of surgery. Pathologic characteristics included tumor size and presence or absence of extrathyroidal extension. Pathologic T, N, and M categories were obtained from the SEER data set. Overall and disease-specific survival and follow-up data were obtained from the SEER database.
Cohort Selection
All patients with missing data on pathologic T, N, or M categories or survival were excluded. Patients who underwent removal of less than a thyroid lobe also were excluded.
Statistical Analysis
Recursive Partitioning Analysis Recursive partitioning is a form of decision tree analysis that can classify a population into homogeneous subpopulations according to the association between a set of independent variables and a dependent variable. Recursive partitioning finds cuts or groupings of the independent values that best predict a dependent variable value. These splits or partitions of the data are done recursively to form a tree of decision rules until the desired fit is reached. The optimum splits are chosen from the set of all possible splits. 19, 20 Recursive partitioning was applied to the NCDB cohort to divide the patients according to T, N, and M categories into groups with similar overall survival (eFigure 1 in the Supplement). 21 The minimum criterion for dividing a group was a 2-sided P ≤ .10. The groups defined by this method were then sorted by the survival proportion at 100 months and amalgamated into 4 homogeneous groups based on these proportions. The group with the highest survival proportion was defined as stage I, the second best survival group was stage II, the third best survival group was stage III, and the most compromised survival group was stage IV. These stages were used to predict survival by using a multivariable Cox proportional
Key Points
Question How can the current American Joint Committee on Cancer (AJCC) TNM staging system for medullary thyroid cancer be improved to more accurately correlate with survival?
Findings In a cohort study involving 3315 patients with medullary thyroid cancer, new TNM groupings were proposed that showed more distinct survival differences across TNM groups than was possible with the current AJCC TNM staging system.
Meaning
The current AJCC TNM staging system for medullary thyroid cancer appears to be less than optimal in distinguishing risk of mortality among stage groups, upstaging a significant number of patients to stage IV.
hazards model adjusted for age, sex, income level, insurance status, margin status, year of diagnosis, and hospital location and type. The variable year of diagnosis was included in the model to account for the potential effect of improvement in cancer detection and treatment over time. Bootstrapping (with 1000 replications) was used to estimate the hazard ratios and 95% CIs for covariates in the Cox proportional hazards model.
22
In bootstrapping, statistical modeling and/or estimation is repeated several times on different data set "replicates," which are each created by drawing a random sample of the same sample size with replacement from the original data set. This repetition results in an estimated sampling distribution. Use of this sampling distribution, rather than merely the original data set with an assumed distribution, offers a better estimation of the true population effect. In this study, each bootstrap replicate included creation of a partitioning tree, amalgamation into 4 stages, and estimation of hazard ratios. The current AJCC TNM staging system for MTC (eTable 2 in the Supplement) was applied to the NCDB cohort, and unadjusted and adjusted survival were compared with models that included the newly identified TNM groupings proposed here.
External Validation
The proposed TNM groupings and the current AJCC TNM staging system were applied to the SEER cohort to examine overall survival and disease-specific survival estimates. The estimates obtained using the proposed TNM groupings were compared with those obtained using the current AJCC TNM staging system. Analyses were performed using SAS, version 9.4 (SAS Institute Inc), and R, version 3.1.0 (R Project).
Results
A total of 3315 patients with MTC were included in the study. Of these, 1941 (58.6%) were women, the median (interquartile range) age was 54 (42-65) years, and 2839 (85.6%) selfreported their race/ethnicity as white. 
Recursive Partitioning Analysis
Median (interquartile range) follow-up time was 68 (0-189) months. The recursive partitioning analysis and the splitting 
Survival Estimates
Under the current AJCC TNM staging system, of the 3315 patients, 941 (28.4%) had stage I and 1043 (31.5%) had stage IV disease compared with 1797 (54.2%) who had stage I and only 165 (5.0%) who had stage IV under the newly proposed groupings (eTable 2 in the Supplement). According to recursive partitioning, differences in survival between TNM groups appeared to be more distinct with the proposed TNM groupings than with the current AJCC TNM staging system ( Figure 1 ). Based on the proposed TNM groupings, 5-year overall survival for MTC was 94% for stage I, 86% for stage II, 69% for stage III, and 35% for stage IV. According to the current AJCC TNM staging system, overall survival was 95% for stage I, 91%
for stage II, 89% for stage III, and 68% for stage IV. After adjustment, TNM groups also were more distinct in overall survival using the proposed TNM groupings compared with the current AJCC TNM staging system. With stage I as the reference, the hazard ratios of the proposed TNM groupings and the current AJCC TNM staging system were 2. Table 2) . The multivariable survival model in which tumor staging was represented by the proposed TNM groupings had the lowest Akaike information criterion, indicating a better statistical fit than the model that incorporated the current AJCC TNM staging system definition (eTable 3 in the Supplement).
External Validation in SEER
The current AJCC TNM staging system and the proposed TNM groupings were applied to a similar population of patients with MTC from SEER. This comparison demonstrated that the proposed TNM groupings' algorithm could discriminate between TNM groups better than the current AJCC TNM staging system's algorithm could. The proposed TNM groupings vs the current AJCC TNM staging system showed a 5-year overall survival of 92% vs 92% for stage I, 87% vs 91% for stage II, 81% vs 94% for stage III, and 33% vs 73% for stage IV (Figure 2A and  B) . Similarly, measurement of disease-specific survival between the proposed TNM groupings appeared to separate the 
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Research Original Investigation
Rethinking the Current AJCC TNM Staging System for Medullary Thyroid Cancer survival curves better than the current AJCC TNM staging system could. The proposed TNM groupings compared with the current AJCC TNM staging system were associated with 5-year disease-specific survival rates of 100% vs 100% for stage I, 97% vs 99% for stage II, 89% vs 97% for stage III, and 40% vs 82% for stage IV ( Figure 2C and D).
Sensitivity Analysis
Because the main analysis that generated the proposed TNM groupings was based on overall survival, we correlated TNM estimates of 5-year overall survival rates from NCDB with TNM estimates of 5-year disease-specific survival rates from SEER. There was strong correlation between overall survival and disease-specific survival in the cohort of patients with MTC (r = 0.98; P < .001) (Figure 3) .
Discussion
This large study examined the appropriateness of the current AJCC TNM staging system to estimate survival and identify homogeneous survival groups in patients with MTC. It also provided possible revisions to sharpen the estimates of prognosis. The current AJCC TNM staging system for MTC can be informed by contemporary nationwide demographic and clinical data to provide an enhanced ability to stratify mortality risk between tumor stage groupings. Using recursive partitioning analysis, we identified 4 distinct TNM groups on the basis of within-group similarities in survival. The combination of recursive partitioning and bootstrapping provides an ensemble approach that acknowledges the inherent instability of individual partition trees. This approach, also referred to as "bagging," has been shown to produce accurate predictions. 25, 26 The proposed TNM groupings appeared to be better correlated with survival and to better discriminate among different TNM groups when compared with the current AJCC TNM staging system. The proposed TNM groupings may better inform accurate prognostication and, potentially, treatment selection for patients with MTC, especially as these groupings are informed by national data. Since the introduction of the AJCC TNM staging system, staging for MTC has been, in large part, aligned with staging algorithms for DTC. [8] [9] [10] [11] [12] [13] [14] Given that MTC is inherently distinct from DTC, the generalizability of DTC staging to MTC may not be appropriate. Published data have focused on comparing the appropriateness of existing staging systems developed for MTC. In a single-institution study, Boostrom et al 6 examined the role of the changes made for MTC from the fifth edition to the sixth edition of the AJCC TNM staging system, including the designation of lateral lymph node metastases (N1b disease) and reallocation of the presence of extrathyroidal extension (T4ab) from being part of stage III to stage IV. Boostrom et al compared the 2 editions of the AJCC TNM staging system as applied to 173 patients with MTC and, with a median follow-up of 82 months, reported that the sixth edition upstaged a significant number of patients to stage IV and that the overall survival for patients with stage IV MTC was 82% with the sixth edition but only 46% with the fifth edition. though these studies provided data about the appropriateness of existing TNM staging systems, our study identified new TNM groupings that were objectively determined by their similarities in survival and then compared these groupings with the current AJCC TNM staging system. The recursive partitioning modeling we used allowed for more objective determination of TNM groups without the application of any preexisting assumptions about the importance of any of the TNM combinations.
In contrast to stage IV in the current AJCC TNM staging system, the stage IV in our proposed TNM groupings includes only patients with distant metastases; patients with T4 and/or N1b disease are no longer part of stage IV but have moved to stage II or stage III. The proposed TNM groupings emphasize the prognostic significance of distant metastasis in MTC and suggest that it should not be treated as equivalent to T4 or N1b disease. Studies have shown that distant Abbreviations: AIC, Akaike information criterion; AJCC, American Joint Committee on Cancer.
a All hazard ratios were generated from 2 different multivariable Cox proportional hazards models based on the proposed TNM groupings and current AJCC TNM staging system, incorporated with bootstrapping (1000 replications). All 95% CIs were based on the 5th and 95th bootstrap percentiles. All models were adjusted for patient age, sex, annual income, insurance status, year of diagnosis, and surgical margins as well as hospital location and type.
b See Figure 1 for descriptions of the stages in current AJCC staging system and the proposed TNM groupings.
c Model performance was compared using the AIC, with the lowest AIC indicating a better fit of the statistical model. metastases in MTC confer distinctly compromised survival when compared with the absence of distant metastases. Yen et al 28 examined data from 80 patients with MTC who were treated at a single institution and found that death from the disease was uncommon in the absence of distant metastases. Disease-specific mortality was 30% for patients with distant metastases, whereas mortality was just 4% for patients without distant metastases. Under the proposed TNM groupings, patients with stage IV disease had a 5-year survival rate of 33% compared with 73% under the current AJCC TNM staging system. According to the current AJCC TNM staging system, 32% of patients were classified as having stage IV disease; however, according to the proposed TNM groupings, only 5% of the patients remained in stage IV. This finding indicates that the current AJCC TNM staging system potentially upstages a significant number of patients.
In the proposed TNM groupings, T4 disease in the absence of distant metastases is considered stage III and N1b disease in the setting of small (T12) tumors is part of stage II. These proposed changes represent a substantial departure from the current AJCC TNM staging system for MTC, but it is important to emphasize that cancer staging should be based on the ability to be accurately correlated with survival, maximizing the similarities in survival within groups and the differences in survival between groups; the proposed TNM groupings appear to do this better.
Strengths and Limitations
There are limitations to our study, including the possibility of coding errors and the retrospective nature of the cohort. Data on calcitonin levels and doubling time were not available for analysis. Some studies have suggested incorporating postop- Comparison of overall survival based on the current American Joint Committee on Cancer (AJCC) TNM staging system (A) and proposed TNM groupings (B) and disease-specific survival based on the current AJCC staging system (C) and proposed TNM groupings (D). See Figure 1 for descriptions of the stages in the current AJCC staging system and the proposed TNM groupings.
erative calcitonin levels to improve the accuracy of MTC staging 7, 29 ; however, it is unclear how to factor in the effect of postoperative calcitonin for the purposes of preoperative risk stratification and possibly treatment decisions. Data also suggest that elevation of calcitonin without clinical evidence of disease does not necessarily portend increased mortality. 6, 27 The strengths of the study include its large sample size and an adequate number of death events, use of the recursive partitioning method, application of bootstrapping, and external validation in SEER. These methods are reproducible. Any future information about prognostic indicators in MTC could be incorporated with minor changes, making our proposed staging system adaptable for the future.
Conclusions
This large study provides valuable information about the appropriateness of the current AJCC TNM staging system for MTC and suggests the potential to improve its applied accuracy. The clinical course of MTC can vary from a very indolent disease with excellent survival to a lethal tumor with dismal prognosis. 5 Therefore, accurate tumor staging is critical for more accurate risk stratification and possibly treatment selection. The current AJCC TNM staging system for MTC appears to be less than optimal in discriminating risk of mortality among disease stage groups, upstaging a significant number of patients to stage IV. Our proposed TNM groupings appear to be better at predicting survival than the current AJCC TNM staging system. Cancer staging plays a critical role in cancer management and communication about disease prognosis among clinicians and between physicians and their patients. Therefore, the accuracy of MTC staging could have important implications for treatment decisions and ultimately for patient outcomes. Role of the Funder/Sponsor: The funding source had no role in the collection, management, analysis, and interpretation of the data; design and conduct of the study; preparation, review, and approval of the manuscript; and decision to submit the manuscript for publication.
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